InsP 6 is an intracellular signal with several proposed functions that is synthesized by IP5K [Ins(1, 3, 4, 5, 6 )P 5 2-kinase]. In the present study, we overexpressed EGFP (enhanced green fluorescent protein)-IP5K fusion proteins in NRK (normal rat kidney), COS7 and H1299 cells. The results indicate that there is spatial microheterogeneity in the intracellular localization of IP5K that could also be confirmed for the endogenous enzyme. This may facilitate changes in InsP 6 levels at its sites of action. For example, overexpressed IP5K showed a structured organization within the nucleus. The kinase was preferentially localized in euchromatin and nucleoli, and co-localized with mRNA. In the cytoplasm, the overexpressed IP5K showed locally high concentrations in discrete foci. The latter were attributed to stress granules by using mRNA, PABP [poly(A)-binding protein] and TIAR (TIA-1-related protein) as markers. The incidence of stress granules, in which IP5K remained highly concentrated, was further increased by puromycin treatment. Using FRAP (fluorescence recovery after photobleaching) we established that IP5K was actively transported into the nucleus. By site-directed mutagenesis we identified a nuclear import signal and a peptide segment mediating the nuclear export of IP5K.
INTRODUCTION
There is a considerable literature describing the signalling functions and metabolic pathways of inositol phosphates [1] [2] [3] . Since inositol phosphates are both soluble (rather than membranebound) and also rapidly diffusible molecules [4] , these signals have generally been considered to be freely dispersed throughout the cell. However, there is a growing realization that this is not the case.
For example, the nuclear membrane has emerged to be a diffusional barrier for inositol phosphates [5] . Moreover, the importance of nuclear localization of inositol phosphates and their kinases is becoming increasingly evident [6] . Nuclear localization has been demonstrated for both endogenous and overexpressed IP3K [Ins(1,4,5)P 3 3 -kinase] isoforms B [7] and C. Overexpressed rat IP3K-C actively shuttles between cytoplasm and nucleus [8, 9] . Human inositol phosphate multikinase (termed IPMK or Ipk2) is predominantly localized in the nucleus [10] . The Drosophila melanogaster homologue of IPMK is targeted to the nucleoplasm of salivary glands where it appears in the 'non-DAPI (4 ,6-diamidino-2-phenylindole) stained nucleosol' [11] . Two of the three isoforms of IP6K (InsP 6 kinase) also exhibit nuclear localization although to different extents [12] . Thus vertebrate IPKs (inositol phosphate kinases) may support an inositol phosphate metabolic profile within the nucleus that is at least partly independent of that in the cytosol [2, 6, 7, 10, [13] [14] [15] .
In the present study we provide new information on the intracellular distribution of IP5K [Ins(1,3,4,5,6)P 5 2-kinase; also known as Ipk1]. This 2-kinase synthesizes InsP 6 from Ins(1,3,4,5,6)P 5 and was first observed by Stephens et al. [15a] and later in soybean seeds by Phillippy et al. [15b] . The enzyme was first cloned from Saccharomyces cerevisiae [16] . Human IP5K was identified by its homology with small conserved domains in the fungal sequences [17] . Substrate specificity of IP5K for Ins(1,3,4,5,6)P 5 in human and rat cells was confirmed by RNAi (RNA interference) techniques. A significant decrease in cellular InsP 6 was measured after knockdown of IP5K [18, 19] . Overexpression of IP5K enhanced conversion of Ins(1,3,4,5,6)P 5 into InsP 6 in HEK-293 (human embryonic kidney 293) cells [20] . This enzyme is considered to have an important role in signal transduction because its product, InsP 6 , has been reported to have a number of biological functions. For example, InsP 6 is a cofactor for DNA-dependent protein kinase activity in non-homologous end-joining [21] and an essential folding factor for an adenosine deaminase that participates in editing of mRNA and tRNA [22] . InsP 6 may also have critical roles in chromatin remodelling [23] [24] [25] .
In yeast, IP5K/Ipk1 is localized in the nucleus and at the nuclear pore complex [26] . However, the only previous study of the localization of IP5K in mammalian cells found the enzyme to be distributed equally in the cytosol and within the nucleus [18] . In the present study, we confirm that IP5K is distributed throughout the cell, but we make the novel observation that the kinase is especially concentrated in both nuclear and cytoplasmic foci. We show further that endogenous and overexpressed human IP5K are both targeted to euchromatin regions and nucleoli. Amino acid clusters required for the observed nuclear import and export activity of IP5K were identified by mutagenesis of overexpressed IP5K-EGFP (enhanced green fluorescent protein) fusion protein. FISH (fluorescence in situ hybridization) of poly(A)-RNA revealed co-localization with both nuclear mRNA and cytosolic mRNA in so called SGs (stress granules). SGs Abbreviations used: DAPI, 4 ,6-diamidino-2-phenylindole; DTT, dithiothreitol; EGFP, enhanced green fluorescent protein; FISH, fluorescence in situ hybridization; FRAP, fluorescence recover after photobleaching; IPMK, inositol phosphate multikinase; IPK, inositol phosphate kinase; IP3K, Ins(1,4,5)P 3 3-kinase; IP5K, Ins(1,3,4,5,6)P 5 2-kinase; LMB, leptomycin B; MDD-HPLC, metal-dye-detection-HPLC; mRNP, messenger ribonucleoprotein; NLS, nuclear localization sequence; NRK, normal rat kidney; ORF, open reading frame; PABP, poly(A)-binding protein; RNAi, RNA interference; ROI, region of interest; SG, stress granule; siRNA, small-interfering RNA; TIAR, TIA-1-related protein. 1 Correspondence may be addressed to either of these authors (shears@niehs.nih.gov or mayr@uke.uni-hamburg.de).
are large cytoplasmic mRNP (messenger ribonucleoprotein) complexes formed in response to different types of cellular stress, such as that caused by toxic agents, or by oxidative conditions and also stress caused by artificial gene overexpression [27] . We propose that the IP5K has the ability to promote spatial microheterogeneity in the synthesis of InsP 6 .
EXPERIMENTAL

Construction of fusion genes
Sequencing of cDNA clone IMAGE:4839268 (GenBank ® accession no. BG772243; GenBank ® gene info identifier: 14082896; ResGen Invitrogen Corporation) revealed total agreement with the cDNA described in [17] . The ORF (open reading frame) of human IP5K was amplified using the following primer pairs: 5 -AGCTA-GCATGGAAGAGGGGAAGATGGA-3 and 5 -GAGATCTGA-GACCTTGTGGAGAACTAATG-3 ; 5 -CAAGCTTCGATGGA-AGAGGGGAAGATGGA-3 and 5 -TGGATCCTTAGACCTT-GTGGAGAACTA-3 . PCR products were cloned into pGEM T-Easy vector (Promega) by TA-cloning. After re-sequencing, the fragment was subcloned by introduced restriction sites (BglII/ NheI and BamHI/HindIII) into expression vectors pEGFP-N1 and pEGFP-C1 (Clontech) respectively. IP5K mutants were generated by modified QuikChange TM site-directed mutagenesis as previously described [28] using the following primers: C162Y, 5 -AAGCATAAGGTCTGTCGATACTACATGCACCAGCACC-TCAAGGTA; R41A/K42A/K43A, 5 -CTGAAGTTTCCTC-CAAATGCGGCGGCGACCTCGGAAGAGATATTT; K36A,  5 -TGCGTCGTGCTGCGGTTTCTGGCGTTTCCTCCAAAT-GCGGCGGCG; R28A/R33A, 5 -GTGGCCCACGCGCAGGC-GTGCGTCGTGCTGGCGTTTCTGGCGTTTCCT;  H152S/  H156S, 5 -TTCTCGAGTGATGTCACGTCTGAGATGAAGT-CTAAGGTCTGTCGATAC; C159S/C162S, 5 -GAGATGAA-GCATAAGGTCAGTCGATACAGCATGCACCAGCACCTCA-AG; K173A/K175A, 5 -CTCAAGGTAGCAACTGGGGCGT-GGGCGCAGATCAGCAAATACTGTC; K179A, 5 -CAGAT-CAGCGCGTACTGTCCC; K155A/K157A, 5 -CGAGTGATG-TCACGCATGAGATGGCGCATGCGGTCTGTCGATACTGC-ATG; and Del1, 5 -CACTTTGCCTTGAAGAGTTTGCTGTTC-AGTAGGAGCCTTCGCTGCCAAGG-3 (only forward primers are shown). The plasmids encoding the EGFP trimer and tetramer were created using a previously described method [29] with pEGFP-N1 (BD Biosciences Clontech) as a template.
Bacterial expression and purification of recombinant Strep-IP5K fusion proteins
The ORF of human IP5K was amplified using the primer pair 5 -AGCCATGGCATGGAAGAGGGGAAGATGGA-3 and 5 -AGCTCGAGTCTAGACCTTGTGGAGAACTA-3 , introducing an NcoI restriction site at the 5 -end and an XhoI restriction site at the 3 -end. The amplified DNA fragment was cloned into the pGEM T-Easy vector (Promega). An XhoI restriction site within the coding region interfering with our cloning strategy was removed by introducing a silent mutation using the QuikChange TM site-directed mutagenesis kit from Stratagene according to the manufacturer's instructions using the primer pair 5 -TAGT-GGGTTTATTCCTTTTTCGAGTGATGTCACGCAT-3 and 3 -primer. The fragment was sub-cloned by the introduced restriction sites into a pET17b-based expression vector encoding an N-terminal Strep-tag fusion protein (Novagen). The ORF was completely re-sequenced. Mutations were introduced by primerbased mutagenesis as described above.
The recombinant fusion proteins with an N-terminal Streptag were overexpressed in Escherichia coli BL21(DE3)-pLysS[pREP4] and Strep-tag purified. Bacterial cell growth at 37
• C was monitored by measuring the attenuance at 600 nm (D 600 ). At an D 600 of 0.5, IPTG (isopropyl β-D-thiogalactoside) was added to a final concentration of 0.25 mM. After 2 h expression at 37
• C cells were harvested (4000 g, 5 min, 4
• C) and resuspended in 1/20 of the culture volume in buffer containing 50 mM Hepes (pH 7.5), 1 mM EDTA, 1 mM DTT (dithiothreitol), 1 % (v/v) Triton X-100, 0.5 mM benzamidine and 1 mM PMSF. After sonification (3 × 45 s) the lysate was centrifuged at 27 000 g for 10 min (at 4
• C). The NaCl concentration in the supernatant was adjusted to 500 mM and then the protein was purified by application to a 1 ml Strep-tactin column (IBA) and washing using a buffer containing 500 mM NaCl, 100 mM Hepes (pH 8.0), 1 mM EDTA, 1 mM DTT and 0.1 % Triton X-100. The protein was eluted using washing buffer supplemented with 2.5 mM desthiobiotin. The purified protein was analysed by SDS/PAGE and staining with Coomassie Blue. Additionally, after separation by SDS/PAGE and transfer on to a PVDF membrane, recombinant Strep-IP5K was detected using an avidin-alkaline phosphatase conjugate (Bio-Rad) according to the manufacturer's instructions. Immediately after preparation glycerol was added to a final concentration of 50 % and the material was stored at − 20
• C.
Immunobead purification of EGFP-IP5K fusion protein
COS7 cells (8 × 10 6 ) overexpressing EGFP fusion proteins for 24 h were lysed in MPER ® (Pierce) for 10 min at 24
• C, homogenized and centrifuged (16 000 g, 15 min, 4
• C). Supernatant was mixed with a Protein-G-agarose/anti-GFP complex (Roche) and immunobead purification of EGFP-IP5K fusion proteins was performed as described previously [30] .
Assay of the kinetic properties of purified IP5K enzymes
Kinetic assays of immunobead-adsorbed EGFP-IP5K fusion proteins were performed in a 100 µl or 200 µl assay volume for 2 h at 37
• C. For each assay 20-40 ng of IP5K (determined by densitometry of the specific fusion polypeptide after SDS/PAGE) and between 0.05 and 25 µM Ins(1,3,4,5,6)P 5 were added to the assay buffer [50 mM Hepes (pH 7.0), 100 mM KCl, 0.5 mM ATP, 5 mM MgCl 2 and 1 mM DTT].
The activity of the purified bacterial-expressed Strep-IP5K and its mutants was assayed for various times at 30
• C in 100 µl of a reaction mixture containing 50 mM Hepes (pH 7.0), 63.5 mM NaCl, 100 mM KCl, 5 mM MgCl 2 , 1.1 mM DTT, 1 mM ATP, 0.13 mM EDTA, 0.32 mM desthiobiotin, 0.013 % Triton X-100, 15 % glycerol and 10 µM Ins(1,3,4,5,6)P 5 . The reaction was started with approx. 0.1 µg of either wild-type enzyme or mutant. Assays were quenched and inositol phosphates were extracted [10] and analysed by MDD-HPLC (metal-dye-detection-HPLC) as described below. Kinetic parameters were determined using PRISM. Owing to a sigmoidal dependence of specific activity on substrate concentration, the v compared with [S] dependence was fitted to a Hill-type function [31] .
where v is the initial velocity, S is the substrate concentration, K is the apparent K m and H is the Hill coefficient.
Analysis of inositol phosphates by MDD-HPLC
Ins(1,3,4,5,6)P 5 and InsP 6 were measured by MDD-HPLC as previously described [32] [33] [34] 
Immunofluorescence and fluorescence in situ hybridization
Immunofluorescence was carried out as previously described [7] employing the following antibody dilutions: rabbit anti-IP5K peptide antibody (1:100; Invitrogen; see Results), rabbit anti-PABP [poly(A)-binding protein; 1:1750; Dr Evita Mohr, UKE, Hamburg, Germany], mouse anti-TIAR (TIA-1-related protein; 1:1750; BD Biosciences), goat anti-rabbit (1:1750) and goat antimouse (1:1500; Invitrogen) and rabbit anti-nucleolin (1:10 000; BD Biosciences).
FISH was performed as previously described [36] . Results were evaluated by epi-fluorescence microscopy as described in [10] .
Western blot analysis
For Western blot analysis, 48 h after transfection, cells were harvested, lysis buffer [8 M urea, 15 mM EDTA and 30 mM Tris/HCl (pH 7.4)] was added and, after freezing and thawing in liquid nitrogen and centrifugation (13 000 g, 15 min, 4
• C), the supernatant was removed and the protein concentration was determined using a Bradford assay. Next, 50 µg of protein was applied on to SDS/PAGE gels. After gel electrophoresis (150 V), protein was transferred on to PVDF membranes followed by blocking non-specific binding sites with 3 % (w/v) BSA in TTBS [10 mM Tris/HCl (pH 8.0), 150 mM NaCl and 0.05 % Tween 20] for 20 min. The membranes were washed three times with TTBS for 10 min each and incubated with anti-IP5K overnight at 4
• C. After washing with TTBS under the same conditions, the membranes were incubated with secondary antibody conjugated with horseradish peroxidase for 1 h. Membranes were washed again as above and specific immune complexes were visualized by employing the ECL TM Advance Western Blotting Detection kit (GE Healthcare). 
Fluorescence microscopy and live-cell imaging for FRAP (fluorescence recovery after photobleaching) experiments
Epi-fluorescence microscopy [10] was performed using an Axiovert 25 CFL (Zeiss). Confocal images were taken on a Zeiss LSM 510 Meta (Zeiss) using a Plan-Apochromat 63X/1.4 Oil DIC objective. A Coherent Mira titanium-sapphire ultrafast pulsed laser tuned to 750 nm was used for multiphoton excitation of DAPI. A 390-465 bandpass filter with IR blocking was used to collect images with an open pinhole. For excitation of EGFP a 488 nm laser line from a krypton/argon laser was used (500-500 nm bandpass emission filter). For excitation of Alexa Fluor ® 546 a 543 nm laser line from a helium/neon laser was used (560 nm long pass emission filter), pinhole setting for both was 1 airy unit.
FRAP experiments were performed with an object carrier heated to 37
• C using the Zeiss LSM 510 confocal microscope with a 100× oil-immersion objective. For imaging, cells grown on coverslips were mounted in CO 2 -independent Dulbecco's modified Eagle's medium (Invitrogen), supplemented with 10 % (w/v) BSA (Sigma). EGFP fluorescence was excited at 488 nm using 25 % transmission and was emission-collected using a 505 nm filter provided by the manufacturer. An image of the whole cell was obtained before and after the experiment. Photobleaching was performed at 100 % transmission by scanning the bleached ROI (region of interest) fitted to the nucleus for 100 iterations. Recovery data were collected over 16 min at 30 s intervals. Fluorescence intensity data for the bleached ROIs were calculated using the ImageJ software. For each FRAP data set, three to five separate experiments were performed, typically including up to four cells investigated per condition on a given day.
Quantitative image analysis
For each experiment, the EGFP fluorescence intensities in the nucleus and cytoplasm were quantified for at least 25 images of representative cells. In detail, EGFP fluorescence intensities of six ROIs in both the nuclear and cytoplasmic areas per cell were averaged to calculate the ratio of nuclear over cytoplasmic intensity using the Image J program (W. Rasband, NIH, Washington, DC, U.S.A.) as previously described [10] . For evaluation of data an unpaired Student's t test was performed using GraphPad InStat version 3.06 (GraphPad Software). A value of P < 0.05 was considered statistically significant.
The distribution pattern of IP5K was quantified with Metamorph (Molecular Devices). The fluorescence intensity of EGFP-IP5K in the whole cells was measured by fitting the ROIs to 50 cells with and without puromycin treatment. Nuclei and SGs were identified by FISH of poly(A)-RNA. In the EGFP picture ROIs were fitted to these compartments and their fluorescence intensities were subtracted separately from the total fluorescence intensity.
RESULTS
Intracellular localization of IP5K and targeting to nuclear substructures
To investigate the intracellular localization of human IP5K, the full-length enzyme, either N-terminally (EGFP-IP5K) or C-terminally (IP5K-EGFP) fused to EGFP was transiently overexpressed. Figure 1 shows intracellular distribution of the C-terminally EGFP-fused construct in NRK cells ( Figures 1A-1C ), COS7 cells ( Figures 1D-1F ) and H1299 cells (Figures 1G-1I ).
All transfected cells showed IP5K-EGFP fluorescence in the cytoplasm ( Figure 1) . As indicated by the white arrows in Figures 1 and 2 , additional cytosolic foci were observed in approx. Figures 1G and 2G ). The nature of these foci was clarified in the experiments described below.
IP5K was also localized in the nucleus (Figure 1 ). The IP5K-EGFP fluorescence was heterogeneously distributed, being typically most intense in regions where the DAPI signal was weakest ( Figure 1) . Regions of the nucleoplasm (i.e. the nuclear area outside the nucleoli) that are stained only weakly by DAPI (Figures 1B, 1E and 1H ) are defined as euchromatin [37] . Thus Figure 1 provides evidence of 'euchromatin targeting' of IP5K. A similar nuclear localization was observed for IPMK in D. melanogaster [11] .
Another region of the nucleus that tends to exclude the DAPI stain is the nucleolus, which can often be revealed as a welldefined circular 'hole' in the staining (indicated by yellow arrows in Figure 1) . Alternatively, the nucleolus can be delineated by the confocal immunofluorescence signal from anti-nucleolin antibodies ( Figure 2 ). Both C-terminally and N-terminally tagged IP5K were able to enter nucleoli in all three of the cell types that were studied. The N-terminally tagged protein (i.e. EGFP-IP5K) in particular tended to accumulate in the nucleolus to a higher extent than in the nucleoplasm (Figure 2 ). This enrichment was observed in 50% of H1299 cells 24 h after transfection. It is possible that a C-terminal tag on IP5K reduces the efficiency of targeting to the nucleolus; this was the only significant difference in localization between N-terminally and C-terminally EGFPtagged IP5K. To study whether EGFP-IP5K and IP5K-EGFP were expressed functionally, their enzymatic activity was investigated by detailed kinetic analyses in vitro and in vivo. The two fusion proteins were enriched with anti-GFP-conjugated Protein-G-agarose beads [30] . The specific activity of the purified N-terminal fusion protein was 55 nmol/min per mg and that of the C-terminal fusion protein 80 nmol/min per mg. These activities are slightly higher than previously reported for IP5K overexpressed in Schneider cells (31 nmol/min per mg) [17] .
Furthermore, the activities of EGFP-IP5K and IP5K-EGFP in vivo were analysed by measuring the effects of their overexpression upon cellular levels of Ins (1, 6 cells respectively (means of two independent experiments). After correcting for transfection efficiency of 30-40 % (see the Experimental section) we calculated that both fusion proteins decreased Ins(1,3,4,5,6)P 5 levels by 66 %. The absolute decrease in Ins(1,3,4,5,6)P 5 levels is near-quantitatively matched by an increase in InsP 6 levels. These results provide strong evidence that the fusion proteins are catalytically active in vivo.
IP5K partially co-localizes with mRNA
Results described above indicate that IP5K is particularly concentrated in transcriptionally active areas of the nucleus, i.e. euchromatin. Since the InsP 6 that is synthesized by IP5K also participates in mRNA export from the nucleus [38] , we investigated whether IP5K might co-localize with nuclear RNA in vertebrate cells. In NRK cells in which EGFP-IP5K was overexpressed, we detected mRNA by FISH of poly(A)-RNA. Figure 3 shows a co-localization of IP5K and poly(A)-RNA in the nucleus (Figures 3A-3C ).
IP5K is a component of stress granules
Interestingly, FISH analysis of poly(A)-RNA in NRK cells additionally revealed that the cytoplasmic foci of EGFP-IP5K, mentioned above (Figures 1 and 2) , also co-localized with high amounts of mRNA ( Figures 3D-3F ). We suspected that this colocalization might occur in SGs. These are large mRNP complexes that are sites of mRNA storage; they can form in response to artificial protein overexpression [27] .
To explore this idea, we employed antibodies against two of the mRNA-binding proteins present in SG, namely PABP and TIAR [39] . Cytosolic EGFP-IP5K foci ( Figure 3G ) co-localized with PABP ( Figure 3H ) and TIAR (results not shown) and thus are localized in SGs.
To investigate whether the co-localization of IP5K and SGs depends on catalytic activity of the IP5K we generated a fully inactive IP5K mutant with an N-terminal EGFP tag. On the basis of the earlier demonstration that the yeast homologue Ipk1 is inactivated by conversion of Cys 139 into a tyrosine residue [40] , we mutated the corresponding Cys 162 in IP5K to a tyrosine residue. The immunosorbent-purified mutant enzyme was completely inactive (results not shown). When overexpressed in NRK cells, EGFP-IP5K/C162Y ( Figure 3J ) no longer exhibited a co-localization with SGs detected by FISH of poly(A)-RNA ( Figure 3K ) or by anti-PABP (results not shown). Instead, the catalytically dead kinase seemed to be excluded from SGs ( Figure 3L ).
SGs also form in response to certain cellular stresses, such as puromycin treatment [41] . NRK cells that overexpressed IP5K-EGFP were incubated with puromycin ( Figure 3M ) and we detected drug-induced SGs by mRNA staining ( Figure 3N) . A clear co-localization of IP5K with puromycin-induced SGs was visible (overlay Figure 3O) .
To determine the percentage of overexpressed IP5K that colocalizes with SGs, the distribution of IP5K localization patterns was quantified. In H1299 cells in which EGFP-IP5K was overexpressed, SGs were detected by FISH of poly(A)-RNA. Images of 100 cells treated with puromycin and 100 non-treated control cells were analysed with Metamorph software. Note that SGs can accumulate as a consequence of the stress caused by protein overexpression [27] , so a substantial number of SGs were observed in cells that overexpressed EGFP-IP5K, even in the absence of puromycin. Without puromycin treatment the fusion protein showed an average nuclear localization of 34.0 % which included nucleolar localization of 4.8 %. When SGs were present, approx. 1.6 % of the total cell fluorescence resides in SGs. Nuclear and nucleolar localization was not significantly altered by SG formation induced by protein overexpression. Incubation with puromycin increased the percentage of cells that showed SGs from 58 % to 73 % and the number of SGs per cell from 2-10 to 4-21. The localization pattern of IP5K in puromycintreated cells was determined to be 32.1 % nuclear localization including 5.2 % nucleolar localization and a localization in SGs of 2.1 % of the fusion protein. An unpaired Student's t test showed that these average fluorescence intensities per cell compartment were not significantly altered compared with untreated cells.
Intracellular localization of endogenous IP5K
We also investigated whether endogenous IP5K could be detected in SGs. Therefore we used H1299 cells and SGs were induced by puromycin treatment (Figures 3P-3R ). The SGs were monitored using an anti-TIAR antibody. To detect IP5K a rabbit anti-IP5K peptide antibody was employed (see below and Supplementary data at http://www.BiochemJ.org/bj/408/bj4080335add.htm for a characterization of its specificity). Our experiments clearly show that endogenous IP5K co-localized with SGs ( Figures 3P-3R) .
In these experiments, we noted that a greater proportion of total IP5K was located in the nucleus (Figures 3P-R and 4A-4C) compared with cells in which IP5K was overexpressed ( Figures 1G-1I and Figures 2G-2I ). The signal that was observed in the cytoplasm was punctate, but the foci were too small to be considered SGs (Figure 4 ). This observation is consistent with previous reports [27] that the SGs form in response to the cellular stress caused by protein overexpression. In dividing metaphase cells, where nuclear membranes are absent, a punctate distribution of IP5K was observed throughout the cytoplasm. Condensed metaphase chromosomes did not show any IP5K (Figures 4D-4F ).
The nuclear distribution of endogenous IP5K mirrored that observed following overexpression of EGFP-tagged IP5K. The nuclear staining of endogenous IP5K in the nucleoplasm again was inversely correlated with DAPI staining (compare Figures 1A-1I with Figures 4A-4C) . Punctae of IP5K were visible in nucleoli, but most of them were located in the weakly DAPIstained euchromatin regions. In the Supplementary data (at http:// www.BiochemJ.org/bj/408/bj4080335add.htm) we provide evidence that the anti-IP5K antibody may underestimate the amount of endogenous IP5K in nucleoli. It is possible that the epitope is masked by proteins that might form a complex with IP5K.
We used siRNA to study the specificity of our antibody against endogenous IP5K. H1299 cells were transfected either with Stealth IP5K-siRNA or Stealth TM RNAi negative control. After 48 h, cells were analysed for IP5K expression by Western blot analysis ( Figure 5A ) and by indirect immunofluorescence employing an anti-IP5K antibody and a TRITC-labelled secondary antibody (Figures 5B-5E ). Western blot analysis showed that the IP5K protein level throughout the cell population was reduced by approx. 65 % after RNAi ( Figure 5A , left-hand lane) compared with the control cells ( Figure 5A , right-hand lane). In the transfected cells RNAi eliminated the IP5K signal ( Figure 5D ). Control siRNA did not alter intracellular localization of endogenous IP5K ( Figure 5B ).
Investigation of IP5K nucleocytoplasmic shuttling by FRAP experiments and identification of IP5K-targeting domains
To investigate whether nuclear IP5K localization is caused by active transport or by passive diffusion, FRAP experiments with EGFP-tagged IP5K were performed. EGFP-IP5K was overexpressed in H1299 cells, nuclei were selectively bleached and nuclear fluorescence recovery was monitored.
For these experiments, we divided the cells into two groups. In one group ('high' nuclear signal) the intensity of nuclear fluorescence was equal or greater to the intensity of cytoplasmic fluorescence. In the other group of cells ('low' nuclear signal), nuclear fluorescence was significantly lower than that in the cytoplasm (Figure 6 ).
In the group of cells which originally showed a 'high' nuclear signal, there was a relatively slow recovery of nuclear fluorescence after bleaching, such that fluorescence returned from 50 % to 65 % of the initial level within 16 min ( Figure 6A ; labelled IP5K slow). It is possible that nuclei of these cells were already saturated with IP5K and there was little or no further import of IP5K into the nucleus. In the other group of cells which we define as originally possessing a 'low' nuclear signal, its recovery after bleaching was more rapid. The signal returned from 50 % to 95 % of the initial level within 12 min ( Figure 6A ; labelled IP5K fast). This is faster than fluorescence recovery in control cells overexpressing linear fused multimers of EGFP, containing three (3GFP; [42] ) and four (4GFP; [43, 44] ) EGFP subunits which have previously been shown to enter and leave the nucleus only by passive diffusion [42] . For example, nuclear fluorescence of 3GFP recovered from 57 % to approx. 80 % within 16 min ( Figure 6B; 3GFP) , and fluorescence of 4GFP recovered from 50 % to 67 % within 16 min ( Figure 6B; 4GFP) . Since IP5K has nearly the same molecular mass as 3GFP and enters the nucleus faster than 3GFP, we propose that IP5K must shuttle actively between nucleus and cytosol. Since active transport would presumably employ nuclear import and export motifs, we conducted additional experiments to identify such sequences.
Figure 6 FRAP experiments to investigate IP5K nuclear import
H1299 cells in which EGFP-IP5K was overexpressed for 24 h were mounted in CO 2 -independent medium on a 37 • C heated carrier of a Zeiss LSM 510 microscope. EGFP fluorescence was excited at 488 nm using 25 % transmission. Emission was measured at 505 nm. Photobleaching was performed at 100 % transmission by scanning the bleached ROI fitted to the nucleus for 100 iterations. Recovery data were collected over 16 min at 30 s intervals. (A) Mean recovery curves from EGFP-IP5K-expressing H1299 cells. The ratio of the fluorescence in the bleached compartment to that of the whole cell prior to photobleaching was set at 100 %. Approx. 50 % of the bleached cells showed rapid half-time of recovery (3 min, black squares, n = 8 cells). The other fraction of the investigated cells showed an infinite half-time (grey triangles, n = 8 cells). Images of a representative cell 'before bleach', directly post bleach (0 min) and after 16 min recovery are shown. These particular cells show no SGs. (B) Mean recovery curves from GFP-multimer-expressing cells. The ratio of the fluorescence in the bleached compartment to that of the whole cell prior to photobleaching was set at 100 %. Both curves show infinite recovery half-times (3GFP, black circles, n = 7 cells; 4GFP, grey rhombuses, n = 3 cells). Representative images 'before bleach', post bleach (0 min) and after 16 min recovery are shown.
We first searched for putative NLS (nuclear localization sequences) by employing the prediction algorithm PSORTII. One cluster of basic amino acids in the N-terminal part of IP5K (amino acids 38-44: PPNRKKT) fits the consensus sequence of the canonical NLS of SV40 large T antigen. A set of point mutants was generated in the N-terminal part of the IP5K-EGFP construct by QuikChange TM mutagenesis in order to characterize essential amino acids for NLS activity (see Figure 7A for details). Transfected H1299 cells (160-200 cells; obtained from three to four independent experiments) were inspected for each mutant. Unexpectedly, mutation to an alanine residue of the three basic amino acids in the putative NLS had almost no effect on the nuclear localization. In 79 % of cells this mutant (termed 'TS1'; Figures 7A and 7B and 8A1-A4) was distributed in a similar manner to EGFP-IP5K ( Figures 7A-7C and 8G1-G4) which showed strong nuclear localization in 82 % of transfected H1299 cells. Replacement of the N-terminally neighbouring basic amino acids R28A, R33A and K36A led to a mutant (termed 'TS2') showing exclusively cytosolic localization in approx. 46 % of transfected cells ( Figures 7A-7C and Figures 8B1-B4 ).
We noticed a predicted H 2 C 2 H 2 zinc-cluster motif within the IP5K sequence. We investigated the functional significance of this motif by mutating four putative zinc-binding amino acids (His 152 , His 156 , Cys 159 and Cys 162 ) to serine residues. This mutant, designated 'TS3', showed exclusively cytosolic localization in 47 % of cells ( Figures 7A, 7B and 8C1-8C4) . Mutant TS3 therefore exhibited weakened nuclear uptake to the same extent as mutant TS2. An even higher effect was observed with mutants in which basic amino acids adjacent to the H 2 C 2 H 2 peptide segment were changed to an alanine residue. Mutation to an alanine residue of either Lys Figure 7A ) are involved in nuclear uptake of IP5K, possibly by actively mediating nuclear import or by binding to a nuclear protein that sequesters IP5K in the nucleus. Furthermore, the same region of IP5K seems to be important for nucleolar uptake, since mutants TS3 and XZ1-3 did not enter nucleoli. In contrast, TS1 and TS2 only showed a slight reduction in nucleolar uptake.
To investigate whether catalytic activity is necessary for its nuclear uptake, wild-type IP5K as well as the mutants TS2 (R28A/ R33A/K36A/R41A/K42A/K43A) and XZ2 (K173A/K175A/ K179A) were recombinantly expressed in bacteria and conversion of Ins(1,3,4,5,6)P 5 into InsP 6 was measured. Although mutant XZ2 retained 20 % of the wild-type activity, mutant TS2 was completely inactive ( Figure 7C ). Since mutant TS2 is still imported into the nucleus in 54 % of H1299 cells this experiment shows that catalytic activity is not necessary for nuclear uptake of IP5K.
Many proteins exhibiting nuclear accumulation are not only actively imported into nuclei, but in addition are actively exported. This shuttling of proteins across the nuclear membrane allows the cell to regulate the cytosolic and nuclear levels of the protein. We therefore next looked for evidence that IP5K might have a domain regulating its nuclear export.
An alignment of ten vertebrate IP5K and 18 fungal Ipk1p sequences revealed two large peptide inserts (amino acids 202-297 and amino acids 335-389) that are specific to the vertebrate isoforms. Deletion of the first insert led to a mutant 'Del1' that was almost exclusively nuclear in approx. 95 % of transfected cells ( Figures 7A and 7B ). Amino acids 202-297 thus appear to comprise a domain necessary for nuclear export of human IP5K. A representative H1299 cell overexpressing mutant 'Del1' of the IP5K-EGFP fusion protein is shown in Figures 9(A)-9 (C).
To investigate whether nuclear export of IP5K is mediated by an exportin-1-dependent export mechanism we incubated H1299 cells, in which either IP5K-EGFP or EGFP-IP5K were overexpressed, with LMB (leptomycin B), a specific exportin-1 inhibitor [45] . Images of 25 cells each were recorded and the mean fluorescence in nuclei and cytosol was determined (representative cells are shown in Figures 9D-9K) . Without LMB the mean ratio of nuclear compared with cytosolic IP5K fluorescence was 1.1 for the N-terminal and 1.0 for the C-terminal fusion protein. After LMB treatment the mean ratio was increased to 1.4 (P = 0.0036, n = 25) and 1.3 (P = 0.0036, n = 25) respectively. Since LMB has a smaller effect upon nuclear export than the deletion of the nuclear export domain, it is possible that there are exportin-1-regulated and exportin-1-independent mechanisms involved in the export of IP5K out of the nucleus.
DISCUSSION
In the present study we describe some new aspects of the intracellular localization of IP5K in mammalian cells. We show that IP5K is concentrated in both the nucleolus as well as the euchromatin fraction. The targeting of IP5K to these locations is shown by site-directed mutagenesis to be controlled by amino acid sequences within IP5K; we have identified a nuclear import signal and a peptide sequence which regulates the nuclear export of IP5K. Furthermore, IP5K is also shown to co-localize with mRNA, both within the nucleus and in cytoplasmic SGs. Overall, our results point to IP5K making multifunctional contributions to the overall control of gene expression.
Confocal immunofluorescence analysis of overexpressed as well as endogenous IP5K shows its distribution in the nucleus to be inversely correlated with the intensity of DAPI staining. DAPI is a DNA-binding AT-specific fluorochrome that associates only weakly with euchromatin [37] , which represents the fraction of chromosomes that are transcriptionally active. To enable the transcription process, heterochromatin needs to be decondensed by histone deacetylases and other DNA-binding proteins that form chromatin remodelling complexes which, interestingly, are regulated by the IP5K product InsP 6 [23] [24] [25] . Figure 5 shows that the nuclei of cells treated with RNAi against IP5K exhibit an altered chromatin organization, which provides evidence that a tightly controlled and localized production of InsP 6 may be essential for normal nuclear functions.
Since euchromatin is where newly synthesized mRNA arises, it is possible that IP5K might also be involved in the process of mRNA maturation and processing. This idea is further supported by the observation that IP5K co-localizes with mRNA in the nucleus (Figures 3A-3C) . Interestingly, the co-localization of IP5K and mRNA is not limited to nuclear mRNA, it is also evident in cytoplasmic SGs, which are sites of mRNA storage under certain stress conditions [35] .
In our experiments we monitored SGs using the marker proteins PABP and TIAR. SGs were formed in response to treatment of cells with puromycin ( Figures 3M-3R ), or by overexpression of IP5K (Figures 3D-3I ). The latter phenomenon is apparently not caused by IP5K itself, but is a general response to protein overexpression [27] . We observed that the puromycin-induced SGs were more abundant and smaller in size than SGs observed after vector-based protein overexpression. This phenomenon was previously described by Kedersha and Anderson [35] , who showed that drug-induced SGs increase in size and decrease in number when cells recover from chemical stress. Alternately, the difference in number and size between puromycin and solely protein overexpression-induced SGs might be due to different kinetics of recovery from both perturbations, since cells overexpressing IP5K were investigated 24 h after stress induction by transfection, whereas puromycin-treated cells were directly examined after incubation without any recovery time.
The fact that the catalytically inactive mutant C162Y is no longer a component of SGs does not rule out a critical role of InsP 6 in SG formation, since endogenous active IP5K is still present. It is possible that the mutant does not associate with SGs because the tertiary structure of the protein is compromised, although the lack of catalytic activity may still be relevant.
We have searched for amino acid sequences within IP5K that might regulate its intracellular localization. We identified a region involved in nuclear uptake of IP5K composed of a putative zincfinger motif (amino acids 150-180) overlapping several basic residues (Lys 155 , Lys 157 , Lys 173 , Lys 175 and Lys 179 ) In addition, multiple sequence alignments revealed a novel domain is present in vertebrate IP5K but not fungal IP5K (Ipk1). Deletion of the N-terminal one of two vertebrate-specific peptide inserts in human IP5K (insert 1, residues 202-297) effectively inhibited nuclear export of the modified protein. Since LMB has a smaller effect upon nuclear export than the deletion of the nuclear export domain, it is possible that there are LMB-sensitive and LMBinsensitive mechanisms to export IP5K out of the nucleus.
It is reasonable to assume that the functional significance of the highly organized intracellular targeting of IP5K is related to the biological consequences of a localized production of InsP 6 . The latter is a polyanionic molecule probably present as a soluble polymagnesium hydrate complex [46] which can also associate with negatively charged membranes [47] and polynucleotide structures by Mg 2+ salt bridging. Restricted diffusion might necessitate a sophisticated system of nuclear and extranuclear targeting sites for IP5K so as to generate InsP 6 precisely where it is required.
For example, InsP 6 plays a role in non-homologous end-joining through its effects upon Ku mobility [21] . InsP 6 is also required for protein maturation. For example, in two families of mRNAand tRNA-editing adenosine deaminases (ADARs and ADATs) InsP 6 was found to act as a 'prosthetic' group essential for correct protein folding and for catalytic activity [22] . These precedents raise the possibility of InsP 6 having this role in the assembly of higher-order multiprotein complexes, such as RNPs. We also propose that there is functional significance to the localization of IP5K in euchromatin, where RNA is generated. Localized fluctuations in InsP 6 levels can also regulate chromatin remodelling [23] [24] [25] . Finally, InsP 6 regulates casein kinase activity [48] ; nucleolin, a particularly abundant protein in the nucleolus, is apparently a casein kinase substrate [49] . The nucleolus has other functions such as splicosome assembly [50] and so we should not exclude other roles for IP5K in this organelle. Overall our results suggest a regulatory context for the localized production of InsP 6 from IP5K.
The higher organized intracellular targeting of IP5K that we have observed in mammalian cells has not previously been seen in experiments with yeast [16, 26] . Most yeast mRNA is without introns and its nuclear export is regulated by mechanisms differing in many aspects from the export of predominantly spliced mRNA of vertebrates [51, 52] . This, and the greater size and complexity of vertebrate cells and nuclei, could necessitate a more sophisticated targeting of the putative regulator InsP 6. However, we do not rule out the alternative possibility that IP5K may have other functions in addition to its ability to synthesize InsP 6 .
It has been noted previously that overall cellular levels of InsP 6 are generally unresponsive to extracellular stimuli that can elicit quite substantially changes in the levels of the other inositol phosphates [53] . This has made it difficult to put many of the biological effects of InsP 6 into a regulatory context [53] . The present studies raise the strong possibility of there being considerable microheterogeneity in the synthesis of InsP 6 . Significant localized changes in InsP 6 concentration may arise from local fluctuations in the concentration of IP5K, without overall cellular levels of InsP 6 being affected. Thus the present study reveals new and important aspects of IP5K function.
